We present here a fast and sensitive method designed to isolate short nucleotide sequences which have nonrandom statistical properties and may thus be biologically active. It is based on a first order Markov analysis and allows us to detect statistically significant sequence motifs from six to ten nucleotides long which are significantly shared (or avoided) in the sequences under investigation. This method has been tested on a set of 521 sequences extracted from the Eukaryotic Promoter Database (2). Our results demonstrate the accuracy and the efficiency of the method in that the sequence motifs which are known to act as eukaryotic promoters, such as the TATA-box and the CAAT-box, were clearly identified. In addition we have found other statistically significant motifs, the biological roles of which are yet to be clarified.
INTRODUCTION
The exponential growth of biosequence databases will become a very valuable tool for molecular biologists only if combined with parallel development of theoretical studies aimed at decoding the genetic information contained in the sequences.
The detection of short sequence signals and the characterization of their functional role is a major challenge in molecular biology as these signals may play a fundamental role in the basic mechanisms of gene regulation and expression. In this context the linguistic analysis of DNA sequences, which can be considered as texts made up of several words of different lengths (1, 2) , may help us identify biologically interesting sequence patterns. For example, the finding that some words occur considerably more (or less) frequently than expected could help us clarify their biological significance. In particular they can guide the experimental studies that are obviously needed to establish the biological role of the sequences under consideration.
It is now clear that in DNA sequences the usage of short oligomers is non random (1 -9) . In addition, it must be recalled that the words of genetic language can be of different lengths, e.g. triplets in coding regions, restriction sites of four or six nucleotides, transcription signals and protein binding sites of variable sequence length.
Several pattern recognition methods based on the usage of words of different lengths in a single sequence or in a given set of sequences have been reported (1,3,10-17). These methods can be used for taxonomic (18) or functional (3, 19) classification of DNA sequences, or to extract consensus patterns from sets of functionally related nucleotide sequences (10) (11) (12) (13) (14) (15) (16) .
In this paper, we describe a novel algorithm for the identification of statistically significant nucleotide words which has unique features and is extremely fast.
This algorithm is based on a first order Markov analysis. It allows us to analyze, in sets of unaligned sequences, known to be functionally related (e.g. promoter regions, introns, etc.) but not evolutionary homologous, the statistical pattern of DNA oligomers which are assumed to be Poisson distributed.
By using a very fast string-matching method (20) modified by us for application to a four letter alphabet (manuscript in preparation), we are able to analyze words of lengths ranging from six to ten nucleotides, the typical size of the vast majority of DNA sequence signals such as promoters, enhancers and DNA binding proteins.
This method has been tested on a set of 521 sequences extracted from the Eukaryotic Promoter Database (21) .
MATERIALS
The method presented here has been implemented in WORDUP, a computer program written in FORTRAN running on a DEC VAX computer under VMS operating system. It has been tested on 521 eukaryotic promoter sequences extracted from release 24 of the Eukaryotic Promoter Database (EPD) (21) through the ACNUC-EPD retrieval program (22, 23) .
All sequences have been extracted from position -100 to position +5 with respect to their transcription origin, as it is generally accepted that specific sequences within 100 nucleotides upstream of the transcription start site usually determine the efficiency of mRNA synthesis.
In the EPD database (21) the promoter sequences are classified in various homology groups. If two promoters exhibit a similarity degree greater than 50%, they are considered to belong to the same homology group. In order to avoid, in the statistical analysis, the bias produced by sequence similarities between evolutionarily related sequences, only one member per homology group has been selected. The ACNUC-EPD retrieval program allows us to automatically extract only those non-homologous promoters which form an independent promoters subset.
The program WORDUP is available from the authors upon request.
METHOD
The aim of the algorithm described here is to single out words that are significantly shared or avoided in a given set of sequences having a particular biological property in common (e.g. promoters, introns, non-coding regions,etc.). These words are considered to be specific for that biological role. We define the sequence S by:
Xi=A,C,G,T [1] which contains n-w + 1 oligomers of length w, defined as: Sj = Xj, Xj+|,..., x J+w _,; j=l,n-w+l [2] Consider now N nucleotide sequences S ( , S2,..., S N , L, nucleotides long, i= 1,...,N. If oligomers are Poisson distributed, the probability T,(s k ) that the oligomer k, w bases long, k=l,...,4 w , is found at least one time in the sequence S, is given by:
with:
the average number of sequences containing the w-mer k, in the sequence i, weighted on its base composition, where:
is the occurrence probability of the oligomer s k in the sequence i, calculated according to Stuckle et al. (17) by assuming a first order stationary Markov chain, with f(u x y ) and f(uj being the respective frequencies of dinucleotides and mononucleotides observed in each sequence. The observed number of occurrences of the w-mer k in the set of the N sequences is given by: Pfek) = EiPi(s k ) [6] where Pi(s k ) is 1 if s k is found in the sequence i, otherwise it is 0. Whereas the expected number of occurrences is given by:
11(8,,) = Ej^Sk) [7] the statistical significance of the occurrences of the k-th word can be established according to the elementary x 2 statistics:
It may occur that some words have a x 2 ' va^ue significantly higher than expected not because they are really statistically significant but as a result of their location overlapping with a truly significant word. For example, if the truly significant word is: ACGTACGT, all the eight one-position shifted 7/8 overlapping words: NACGTACG, CGTACGTN will be erroneously considered statistically significant. This effect obviously decreases with reduction of overlapping sites. In order to overcome this problem the following iterative procedure has been applied to each sequence. In the first iteration all 4 W words were sorted according to their Rvalue and only the M words with a significantly high Rvalue (> 10) were considered. The positions of the last M -1 words were compared with the word having the highest x 2 -All the occurrences of the M-1 words with overlapping positions having the highest x 2 word were thus ignored. A word was considered in overlapping position when at least w/2 (w even) or w/2 +1 (w odd) consecutive characters were in common with the other words having an higher X 2 -values. The x 2 values for the last M -1 words were recalculated and a new x 2 sorting was produced. The same procedure was repeated M -1 times until all occurrences of M most significant words were no longer affected by overlapping. The final x 2 sorting has been thus determined. For a given x 2 value and known distribution function P(c 2 ) we can calculate how many w-mers are expected to exceed this value as follows:
For example if w=7 the expected number of eptamers which have x 2 > 25 is less than 0.01 in 16,384. In this way, with a fixed a x 2 threshold, we are able to evaluate which words can be considered statistically significant at a given level of confidence.
RESULTS
Among the sequence patterns whose biological activity has been experimentally demonstrated are those controlling the transcription mechanism. For this reason, we decided to test the reliability of our algorithm by analyzing a set of promoter sequences. We analyzed a set of 521 promoter sequences extracted as described in the Materials section. A word length of 7 nucleotides was chosen for the statistical analysis.
In figure 1 Cis-acting DNA sequences most commonly found in the region surrounding the transcription initiation site, such as TATA-box, CAAT-box and GC-box (24) (25) (26) , were clearly identified. The most frequent and statistically significant words corresponded to TATA-box, such as CTATAAA, GTATAAA etc. Following TATA-box-like words the other significant heptamers belonged to the classes of the CAAT-box and the GC-box. In addition, some other words not clearly classifiable in the above mentioned promoter types have been identified.
All the significant words were found to occur more than expected except for the two heptamers GGGGGGG and CCCCCCC which were found to occur less than expected. In the same way all those heptamers containing a six nucleotide homo-G or homo-C stretch were found to occur less than expected (data not shown). The reason for this finding remains to be clarified but a possible explanation could be that sequences of more than 5 G:C pairings produce some distortions in the GTATAAA  CTATAAA  TATATAA  TGACGTC  ATAAAAG  GGGGCGG  GATTGGC  TATATAT  TATTTAA  ATAAATA  TCACGTG  TTGCATA  CCAATCA  GGGCCTG  CCAATGA  GTATAAG  AAAACAG  GGGACCA  GCCACCG  TATAAAG  TTCCTCC  AGGCGTG  GTGACGC  TTCCTTT  GAGCCTG  CTGTCAC  AAATAGG  GGCCAGA  TCCGCTG  CCACACC  CTGATAA  TGACGGA double helix structure of DNA. On the contrary, many heptamers with G-or C-stretches of 3-5 nucleotides were found to be more abundant than expected (GC-boxes).
In order to check appropriateness of the algorithm described here, the 33 words found significantly over-represented (c 2 > 16) were compared with a set of sequence patterns experimentally recognized to act as transcriptional elements because of their interaction with protein factors involved in the transcription machinery. The collection of transcriptional element consensus sequences contained in the TFD database compiled by David Ghosh (27) has been used in this analysis.
In table II, the TFD sequence signals that match with the overrepresented heptamers listed in Table I , are reported. The majority of the words we have found to be significant (29 out of 33) match with one or more TFD sequence motifs and only four do not. A possible explanation is that these words either have no biological significance or their biological role remains to be experimentally demonstrated.
DISCUSSION
We present here a new method which allows us to single out short DNA sequences (genetic words) which have non-random statistical properties and thus may be biologically active.
In particular the goal of our method was to single out a set of nucleotide words from six to ten nucleotide long, the typical size of many DNA sequence signals, whose statistical properties largely deviate from expected average. The statistical significance of each word is given by comparing expected and observed number of sequences which contain that word at least once. The main problem is the correct calculation of the expected values. In this calculation, the fact should be taken into account that DNA sequences are not a random succession of four characters, the bases, but that they have a particular structure for both base composition and dinucleotide distribution (5, 6) . For example, the scarcity of the CpG dinucleotide in many genomes, as a result of its high mutation susceptibility (28) , is well known. For this reason, we chose to perform our statistical analysis on the basis of a first order Markov chain which calculates the expected occurrences of the various words from observed dinucleotide frequencies. It has been recently demonstrated that higher order Markov chains usually produce uncorrected results (17) .
As we do not know a priori the length of the biologically functional sequence signals, it is advisable to use words of different lengths in the analysis. The most appropriate length for a subset of completely overlapping words having different lengths, is taken to be that of the word with the highest x 2 value. Other methods proposed so far for finding unknown sequence signals are slow and impractical for words longer than six nucleotides (11, 14, 16) . In addition, they require a priori alignment of sequences and, in some cases, do not adequately take into account the nucleotide composition of analyzed sequences, as they consider all four bases to be equally probable.
Our method is much simpler, does not require a priori alignment of the sequences to be analyzed, and performs a rigorous statistical analysis that takes into account the dinucleotide frequencies of observed sequences. Furthermore, it is extremely fast. The pattern matching algorithm used in WORDUP is more than twice as fast as that used by the FINDPATTERN program of the GCG package (29) , the fastest existing to our knowledge.
It is well known that DNA regulatory sites are usually represented as 'consensus'. This, in our opinion, is not wholly adequate. Only a small fraction of the biologically active DNA motifs exactly match with the consensus (10) . The biologically active sequence patterns cannot be simply described in terms of consensus as the presence of a given base in a given position can influence the bases required upstream and downstream to preserve their biological functions. In addition, the biological activity of consensus neighborhood words (12, 30) cannot be linked to the number of mismatches with respect to the consensus. We know, for example, that not all mismatches from the canonical TATA-box consensus sequence, GTATAWAW (24) , are biologically equivalent to each other (10) .
A striking feature of our method is that its application does not define consensus sequences, but, more accurately, provides a list of sequence motifs which are significantly shared (or avoided) in the sequences under examination. These lists can be also usefully employed for decoding of biological information encoded by the anonymous sequences which are now produced in large amounts in megasequencing projects.
The functional relatedness of analyzed sequences does not exclude the possibility that different signals can be found in different subsets of sequences, even in similar positions in sequences. For example, in a set of promoter sequences various unrelated signals can be found. In the case of our test, we succeeded in identifying two unrelated words, TTGCATA and GTGACGC, both located approximately at position -50 with respect to the transcription start site in the sequences which contain these sequence signals. These words are contained in several enhancer signals (31 -34) . In such cases searching methods based on consensus matrices (10) (11) (12) 14, 16, 33) would fail because multiple signals on the same position would tend to hide one another.
The results shown in table II clearly demonstrate the reliability of the algorithm presented here. Our method can be used for analyzing other sets of analogous sequences such as introns, mRNAs untranslated sequences, etc. in order to detect specific sequence signals which may play a fundamental role in the basic mechanisms of gene regulation and expression.
